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Iron deficiency–induced ferritinophagy impairs skeletal
muscle regeneration through RNF20-mediated H2Bub1
modification
Yunshu Che1†, Jinteng Li1†, Peng Wang1†, Wenhui Yu1, Jiajie Lin1, Zepeng Su1, Feng Ye3,
Zhaoqiang Zhang1, Peitao Xu1, Zhongyu Xie1*, Yanfeng Wu2*, Huiyong Shen1*

Iron deficiency (ID) is a widespread condition concomitant with disease and results in systemic dysfunction of
target tissues including skeletal muscle. Activated by ID, ferritinophagy is a recently found type of selective
autophagy, which plays an important role in various physiological and pathological conditions. In this study,
we demonstrated that ID-mediated ferritinophagy impeded myogenic differentiation. Mechanistically, ferriti-
nophagy induced RNF20 degradation through the autophagy-lysosomal pathway and then negatively regulat-
ed histone H2B monoubiquitination at lysine-120 in the promoters of the myogenic markers MyoD and MyoG,
which inhibited myogenic differentiation and regeneration. Conditional knockout of NCOA4 in satellite cells,
overexpression of RNF20 or treatment with 3-methyladenine restored skeletal muscle regenerative potential
under ID conditions. In patients with ID, RNF20 and H2Bub1 protein expression is downregulated in skeletal
muscle. In conclusion, our study indicated that the ferritinophagy-RNF20-H2Bub1 axis is a pathological molec-
ular mechanism underlying ID-induced skeletal muscle impairment, suggesting potential therapeutic
prospects.
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INTRODUCTION
The trace element iron, which plays a vital role in multiple patho-
physiological conditions, is essential for many basic metabolic pro-
cesses and biochemical activities in cells and organisms (1–4). As a
state of iron dyshomeostasis, iron deficiency (ID) is evident in pa-
tients with many diseases such as anemia, heart failure, and inflam-
matory diseases (5–9). Many previous studies have confirmed that
iron metabolism is closely related to skeletal muscle differentiation
and regeneration (10–13). ID occurs in various chronic diseases,
leading to dysfunctional muscle regeneration (10, 12, 14, 15).
However, the mechanism by which ID affects muscle differentiation
and regeneration is still unknown and needs to be clarified.

Autophagy is a biological recycling process that is highly con-
served in eukaryotes. This process involves the removal of unwanted
cytoplasmic components and damaged or redundant organelles in
eukaryotes under specific physiological or pathological conditions
(16–19). Studies have found that under specific pathological condi-
tions, autophagy is selectively activated (20–22). Ferritinophagy is a
type of selective autophagy found in recent years. Under ID condi-
tions, ferritinophagy is activated, and ferritin, which is involved in
iron storage, is degraded through nuclear receptor coactivator 4
(NCOA4)–mediated ferritinophagy, thus replenishing the concen-
tration of iron ions in cells. Many studies have found that the acti-
vation of ferritinophagy under ID conditions contributes greatly to
various physiological and pathological conditions (23–27).

Histone H2B monoubiquitination at lysine-120 (H2Bub1) is an
important epigenetic modification. H2Bub1 physiologically dis-
rupts the compaction of chromatin, resulting in a more open con-
formation through which transcription factors and other protein
complexes participate in transcriptional activation. This process is
extensively involved in the growth and development of the body and
the pathological progression of various diseases (28, 29). Histone
modification has been reported to modulate nonselective autopha-
gy, and the activation of nonselective autophagy also affects the
transcription of downstream genes by regulating the level of
histone modification, thereby participating in different physiologi-
cal and pathological processes (30). However, whether histone H2B
monoubiquitination participates in selective autophagy, including
ferritinophagy, is still unknown.

The E3 ubiquitin ligase ring finger protein 20 (RNF20) is critical
for H2Bub1 activity in mammals (31, 32). Global knockout of
RNF20 in mice resulted in profound H2Bub1 loss and caused
very early embryonic lethality in vivo (33). Studies have confirmed
the essential role of RNF20 in several physiological processes in-
cluding cell differentiation, spermatogenesis, and adipose tissue de-
velopment (29, 32, 34). Furthermore, RNF20 deficiency in
association with some pathological processes such oncogenesis
and inflammation has also been extensively explored (35–37). Al-
though the fundamental role of RNF20 has been recognized
under both physiological and pathological conditions, the connec-
tion between RNF20 and its downstream target H2Bub1 in the ID
context has never been systematically explored.

In this study, we demonstrated that ID triggered ferritinophagy
and further inhibited myogenic differentiation by degrading
RNF20, thus decreasing the H2Bub1 levels of myogenic markers.
Re-establishing RNF20 expression or treating models with 3-meth-
yladenine (3-MA), an autophagy inhibitor, promoted skeletal
muscle regeneration under ID conditions in vivo. Conditional
knockout of NCOA4 in satellite cells (SCs) showed a protective
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effect against ID-induced dysfunction of skeletal muscle regenera-
tion. These findings provide insight into the mechanism of ID-
induced muscle regeneration impairment.

RESULTS
ID-mediated ferritinophagy inhibits myoblast
differentiation
We first induced ID in human muscle primary SCs with the classic
iron-chelating agent deferoxamine (DFO). Western blot analysis
showed that as the DFO concentration increased, the protein
levels of NCOA4 and ferritin heavy chain (FTH) gradually de-
creased, while the LC3II levels increased (Fig. 1A). The confocal im-
munofluorescence results were similar to those of the Western blot
analysis. As the DFO concentration increased, the fluorescence in-
tensity of NCOA4 gradually decreased, while LC3B accumulation
was enhanced (Fig. 1B). These results indicated that DFO activates
ferritinophagy in human muscle primary SCs, which is consistent
with previous reports (23). Furthermore, as the DFO concentration
increased, the expression levels of myogenic markers, including
MyHC, MyoD, and MyoG, decreased in a dose-dependent manner
at both the mRNA and protein levels (Fig. 1, C and D).

Immunofluorescence analysis showed that with increasing DFO
concentration, the fusion index and average myotube length was de-
creased, while the fluorescence intensity of MyoD and MyoG, key
transcription factors in muscle differentiation, was weaker (Fig. 1E).
These results suggested that ID inhibits the myogenic differentia-
tion of muscle SCs. Then, we added ammonium ferric citrate
(AFC) to restore intracellular iron or the classic autophagy inhibi-
tors DC661 and 3-MA to determine whether blocking ferritinoph-
agy restores myoblast differentiation. Western blot analysis showed
that treatment with AFC, DC661, and 3-MA reversed the DFO-me-
diated decrease in myogenic marker expression (Fig. 1F), and con-
focal immunofluorescence showed that treatment with AFC,
DC661, and 3-MA partially restored the fusion index and average
myotube length (Fig. 1G). Moreover, we down-regulated NCOA4
or ATG7 expression using small interfering RNAs (siRNAs) to
block ferritinophagy activity. Western blot analysis showed that
NCOA4 and ATG7 were effectively knocked down and that DFO-
mediated myogenic differentiation inhibition was abrogated
(Fig. 1H). Confocal immunofluorescence of MyHC also showed
that down-regulating NCOA4 or ATG7 expression effectively re-
stored the level of muscle fiber formation (Fig. 1I). We repeated
the abovementioned experiment with C2C12 cells (fig. S1).

Fig. 1. Iron deficiency activates ferritinophagy and inhibits myogenic differentiation in human muscle primary SCs. (A) Western blot analysis of NCOA4, FTH, and
LC3B expression in primary SCs treated with 0, 10, 15, 20, 25, and 30 μM DFO in differentiation medium for 3 days (n = 9). GAPDH, glyceraldehyde-3-phosphate dehy-
drogenase. (B) Immunofluorescence staining for NCOA4 (green) and LC3B (red) in DFO-treated or untreated primary SCs cultured for 3 days in differentiationmedium (n =
9). Scale bars, 50 μm. DAPI, 40 ,6-diamidino-2-phenylindole; MFI, mean fluorescence intensity. (C) mRNA levels ofMyHC,MyoD, andMyoG in primary SCs treated with 0, 10,
15, 20, 25, and 30 μMDFO in differentiationmedium for 3 days (n = 9). (D) Western blot analysis of MyHC, MyoD, andMyoG expression in primary SCs treatedwith 0, 10, 15,
20, 25, and 30 μMDFO in differentiationmedium for 3 days (n = 9). (E) Immunofluorescence staining for MyHC, MyoD, andMyoG in primary SCs treated with 0, 10, 20, and
30 μM DFO in differentiation medium for 3 days (n = 9). Scale bars, 100 μm. (F) Western blot analysis of MyHC, MyoD, and MyoG expression in primary SCs treated as
indicated in differentiation medium for 3 days (n = 9). (G) Immunofluorescence staining for MyHC in primary SCs treated as indicated in differentiation medium for 3 days
(n = 9). Scale bars, 100 μm. (H) Western blot analysis of ATG7, NCOA4, MyHC, MyoD, andMyoG expression in primary SCs treated as indicated in differentiationmedium for
3 days (n = 9). n.s., not significant. (I) Immunofluorescence staining for MyHC in primary SCs treated as indicated in differentiationmedium for 3 days (n = 9). Scale bars, 100
μm. The results represent the means ± SD. *P < 0.05 and **P < 0.01.
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Besides, no significant difference in the viability of C2C12 cells
treated with DFO at concentrations from 10 to 50 μM was found
(fig. S2A). However, DFO exerted a slight proliferation-inhibiting
effect at high concentrations (fig. S2B). In the absence of DFO,
AFC, DC661, and 3-MA exerted slight inhibitory effects on
MyHC, MyoD, and MyoG expression in C2C12 cells (fig. S3, A
and B). Moreover, similar results were obtained in C2C12 cells
treated with another iron-chelating agent, deferiprone (DFP) (fig.
S4). Together, these results suggested that ID inhibits myoblast dif-
ferentiation by triggering ferritinophagy.

Ferritinophagy degrades RNF20 and negatively regulates
H2Bub1 modification
To further explore the mechanism by which ferritinophagy regu-
lates myoblast differentiation, we first explored the proteins
binding to the ferritinophagy-specific cargo receptor NCOA4
after activation of ferritinophagy through coimmunoprecipitation
(Co-IP) and liquid chromatography tandem mass spectrometry
(LC-MS/MS). The results showed that 185 proteins were bound
to NCOA4 in C2C12 cells after the activation of ferritinophagy
(Supplementary Materials). Notably, RNF20 was involved in the
Co-IP complex (Fig. 2A). RNF20 is an E3 ubiquitin ligase that spe-
cifically mediates H2Bub1 modification (38, 39). We then conduct-
ed reciprocal Co-IP/Western blot assays to confirm that
endogenous NCOA4 and RNF20 interacted with each other in
C2C12 cells (Fig. 2B) and that exogenous Myc-NCOA4 and Flag-
RNF20 interacted with each other in 293T cells (fig. S5A). More-
over, immunofluorescence assays showed that NCOA4 colocalized
with RNF20 in lysosomes after the activation of ferritinophagy (fig.
S6). In addition, RNF20 did not interact with other autophagy-
related cargo receptor molecules after the activation of ferritinoph-
agy (fig. S5B). These results indicated that the binding of NCOA4 to
RNF20 is relatively specific.

Next, we explored whether the expression levels of RNF20 and
H2Bub1 change after the activation or inhibition of ferritinophagy.
Western blot analysis demonstrated that the protein levels of RNF20
and H2Bub1 were decreased in a dose-dependent manner with
DFO treatment (Fig. 2C). However, quantitative polymerase chain
reaction (qPCR) analysis showed that there was no change in RNF20
gene expression after DFO treatment (fig. S5C). Therefore, we hy-
pothesized that after the activation of ferritinophagy, RNF20may be
degraded through the autophagy-lysosomal pathway, thereby regu-
lating the level of H2Bub1. Western blot analysis showed that the
addition of autophagy inhibitors inhibited DFO-mediated down-
regulation of RNF20 and H2Bub1 expression, while the addition
of the proteasome inhibitor MG132 did not have a similar effect
(Fig. 2D). Furthermore, we detected the regulatory effect of ferriti-
nophagy on RNF20 expression using NCOA4 or ATG7 siRNA.
Western blot results showed that NCOA4 and ATG7 expression
was decreased, and DFO-mediated down-regulation of RNF20
and H2Bub1 levels was reversed (Fig. 2E). Last, we examined the
changes in the expression levels of other H2B monoubiquitina-
tion-specific ubiquitination ligases and deubiquitination enzymes
during the activation of ferritinophagy. Western blot analysis
showed that the expression levels of the other enzymes did not
change after the activation of ferritinophagy (fig. S5, D and E).
These results indicated that the activation of ferritinophagy leads
to RNF20 degradation mediated through the autophagy-lysosomal
pathway and decreases the level of H2Bub1.

RNF20 positively regulates muscle formation by
modulating H2Bub1 modification of MyoD and MyoG
To determine the role of the RNF20 and H2Bub1 axes in myoblast
differentiation, we designed an siRNA to knock down endogenous
RNF20 expression. qPCR and Western blot analyses demonstrated
that the expression of MyHC, MyoG, and MyoD was decreased at
both the mRNA and protein levels after RNF20 was knocked
down. H2Bub1 and myogenesis marker levels were also decreased
after RNF20 siRNA treatment (Fig. 3, A and B). In addition, immu-
nofluorescence assays demonstrated that the fusion index and
average myotube length was decreased after RNF20 was knocked
down (Fig. 3C). These results demonstrated that RNF20 positively
regulates myogenic differentiation.

Furthermore, we constructed an RNF20 overexpression lentivi-
rus. qPCR andWestern blot analyses demonstrated that overexpres-
sion of RNF20 reversed the expression ofMyHC,MyoG, andMyoD
at both the mRNA and protein levels as well as the H2Bub1 level
under ID conditions (Fig. 3, D and E). Moreover, RNF20 overex-
pression reversed the impaired muscle fiber formation by C2C12
cells under DFO-induced ID conditions (Fig. 3F).

A previous study demonstrated that RNF20 regulates target gene
expression by modulating H2Bub1. We further performed chroma-
tin immunoprecipitation (ChIP)–qPCR analysis to explore RNF20
binding and H2Bub1 signals at the promoters of the MyoG and
MyoD myogenic transcription factors. Compared to those of the
control group, the binding signals of RNF20 and H2Bub1 at the
promoters ofMyoG andMyoD were reduced under ID conditions.
Furthermore, blocking ferritinophagy with DC661 reversed the
binding signal intensity at the promoters of MyoG and MyoD
under ID conditions (Fig. 3G). Moreover, overexpression of
RNF20 reversed the binding signaling intensity (Fig. 3H). In con-
clusion, these results indicated that RNF20 increases the H2Bub1
level at MyoG and MyoD promoters, positively regulating MyoG
and MyoD gene expression and subsequent muscle formation.

We further recruited six individuals with ID (serum iron of <50
μg/dl) and six age- and sex-matched healthy controls with normal
iron levels (serum iron of >50 μg/dl) (table S1). The hemoglobin,
hematocrit, serum iron, and transferrin saturation levels were mea-
sured (fig. S7, A and B). The iron level in muscles of patients with ID
was lower than that in the control group individuals (fig. S7C).
Levels of the iron storage protein ferritin and the ferritinophagy-
specific cargo receptor NCOA4 were decreased in the skeletal
muscle of the iron-deficient patient group (fig. S7D). Moreover,
RNF20 and H2Bub1 expression was down-regulated in the skeletal
muscle of the iron-deficient patient group compared to the healthy
control group (fig. S7, E and F).

RNF20 and 3-MA protect against ID-induced delay in
skeletal muscle growth
To investigate the effect of blocking ferritinophagy or increasing the
expression of RNF20 on ID-induced delay in skeletal muscle growth
in vivo, we constructed an iron-deficient mouse model. Mice aged 3
to 5 weeks were fed an iron-deficient diet for 8 weeks. Compared
with that of the normal group mice, the body weight of the mice
fed an iron-deficient diet was decreased (fig. S8A). The hemoglobin,
hematocrit, serum iron, and transferrin saturation levels indicated
that the experimental mice exhibited ID, in contrast to the control
mice (fig. S8, B to E). As determined by laser ablation–inductively
coupled plasma–mass spectrometry (LA-ICP-MS), iron-deficient
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Fig. 2. Ferritinophagy degrades RNF20 and negatively regulates H2Bub1 modification. (A) NCOA4 interacts with RNF20 as determined by Coomassie bright blue
staining. IgG, immunoglobulin G; IP, immunoprecipitation; WCL, whole-cell lysate. (B) Interaction between endogenous NCOA4 and RNF20 in C2C12 cells was confirmed
by Co-IP with Western blotting (n = 9). (C) Western blot analysis of RNF20 and H2Bub1 expression in C2C12 cells treated with 0, 10, 15, 20, 25, and 30 μM DFO in differ-
entiation medium for 3 days (n = 9). (D) Western blot analysis of RNF20 and H2Bub1 in C2C12 cells treated as indicated in differentiation medium for 3 days (n = 9). (E)
Western blot analysis of NCOA4, RNF20, and H2Bub1 in C2C12 cells treated as indicated in differentiationmedium for 3 days (n = 9). The results represent themeans ± SD.
*P < 0.05 and **P < 0.01.
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mice had less iron in their skeletal muscle compared to the amount
in the control mice (Fig. 4A), and this effect was confirmed via
colorimetric assay (fig. S8F). Decrease in the ratio of gastrocnemius
(GA) muscle weight to body weight was observed in the iron-
deficient group compared to the control group (Fig. 4B and fig.
S8G). Moreover, intraperitoneal administration of 3-MA or intra-
muscular injection of RNF20-overexpressing adeno-associated
virus (AAV) in mice reversed the changes in muscle volume and
the ratio of GA muscle weight to body weight (Fig. 4B and fig.
S8G). Functionally, iron-deficient mice exhibited decreased fore-
limb grip strength, inverted hanging time, and treadmill exhaustive
running time than those in the control group. Meanwhile, intraper-
itoneal administration of 3-MA or intramuscular injection of
RNF20-overexpressing AAV into the mice could reverse the

decline in the skeletal muscle function in iron-deficient mice
(Fig. 4C). GAmuscle sections were further collected for histological
analysis to assess the effect of ID on skeletal muscle in mice. Iron
levels were assessed by Prussian blue staining, which indicates the
non-heme iron level in tissues. The iron level was lower in iron-
deficient mice compared to control mice (Fig. 4D). Hematoxylin
and eosin (H&E) staining showed that the cross-sectional area
(CSA) of the GA muscle fibers in the iron-deficient group was
smaller than that in the normal diet group (Fig. 4D). After the in-
traperitoneal administration of 3-MA or intramuscular injection of
RNF20-overexpressing AAV, the CSA of muscle was improved
(Fig. 4D). Western blot and immunofluorescence analyses showed
that the expression of the MyoG and MyoD myogenic markers was
inhibited in the iron-deficient group, while this changewas reversed

Fig. 3. RNF20 positively regulates muscle formation by modulating H2Bub1 modification of MyoD and MyoG. (A) mRNA expression of RNF20, MyHC, MyoD, and
MyoG was measured by qRT-PCR after knockdown of RNF20 by siRNA in C2C12 cells cultured for 3 days in differentiation medium (n = 9). (B) Western blot analysis of
RNF20, H2Bub1, MyHC, MyoD, andMyoG protein expression in the RNF20 knockdown or control group of C2C12 cells cultured for 3 days in differentiationmedium (n = 9).
(C) Immunofluorescence staining for MyHC in the RNF20 knockdown and control group of C2C12 cells cultured for 3 days in differentiationmedium (n = 9). Scale bars, 100
μm. (D) mRNA expression of RNF20,MyHC,MyoD, andMyoG in the RNF20 overexpression group of C2C12 cells treatedwith or without DFO (20 μM) (n = 9). (E) Western blot
analysis of RNF20, H2Bub1, MyHC, MyoD and MyoG expression in the RNF20 overexpression group of C2C12 cells treated with or without DFO (20 μM) (n = 9). (F) Im-
munofluorescence staining for MyHC in the RNF20 overexpression group of C2C12 cells treated with or without DFO (20 μM) (n = 9). Scale bars, 100 μm. (G) Results of
ChIP-qPCR confirmed changes in H2Bub1 modification and binding to the promoter ofMyoD andMyoG in control and iron-deficient C2C12 cells treated with or without
DC661 following the induction of differentiation for 3 days (n = 9). (H) ChIP-qPCR analysis of changes in H2Bub1 binding to the promoters ofMyoD and MyoG in RNF20-
overexpressing C2C12 cells under DFO (20 μM), treated or untreated (n = 9). The results represent the means ± SD. *P < 0.05 and **P < 0.01. ID, iron-deficient.
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in the 3-MA– or AAV-overexpressing RNF20 group (Fig. 4, E to H).
Besides, in the absence of ID, 3-MA treatment slightly decreased the
muscle size, and overexpression of RNF20 exerted no effect on
muscle size. Similar results were observed in the MyoD and
MyoG immunofluorescence assays (fig. S3, C to E).

The expression of RNF20 and H2Bub1 in vivo was verified.
Western blot and immunofluorescence analyses demonstrated
that the expression of RNF20 and H2Bub1 in muscle was decreased
in the iron-deficient group, and this change was reversed by 3-MA
or AAV overexpression of RNF20 (Fig. 5, A to C). In summary,
these results indicated that ID-induced skeletal muscle growth
delay mediated via ferritinophagy leads to a decrease in RNF20-
H2Bub1 levels in vivo.

RNF20 and 3-MA promote skeletal muscle regeneration
under ID conditions
To further verify the role of ID in the skeletal muscle regeneration,
we used a typical cardiotoxin (CTX) in GAmuscles to perform skel-
etal muscle regeneration experiments in iron-deficient mice. H&E
staining analysis showed that after 7 days of muscle regeneration,
the control group had formedmanymuscle fibers, while the skeletal
muscle of the iron-deficient mice regenerated fewer muscle fibers
(Fig. 6A). Overexpression of RNF20 and the addition of 3-MA pro-
moted skeletal muscle regeneration under ID conditions (Fig. 6A).
The expression of eMyHC,MyoD, andMyoGwas lower in the iron-
deficient group than in the control group, but the expression was
rescued in the 3-MA and RNF20 overexpression groups (Fig. 6B).

Fig. 4. RNF20 and 3-MA protect against iron deficiency–induced delay in skeletal muscle growth. Mice were divided into the following four groups with nine
animals per group: normal control group (NC), iron-deficient group, ID plus 3-MA (ID + 3-MA) group, and ID plus RNF20 overexpression (ID + OE-RNF20) group. (A)
Iron levels in the skeletal muscle tissue were measured via LA-ICP-MS and in situ imaging analysis. (B) Representative images of GA muscles in NC mice, iron-
deficient mice, ID + 3-MA mice, and ID + OE-RNF20 mice. (C) Skeletal function was estimated by tests of grip strength, hanging time, and exhaustion time (n = 9).
(D) H&E staining and Prussian blue staining for iron in the GA muscle of different groups of mice (n = 9). Scale bars in H&E staining, 100 μm. Scale bars in Prussian
blue staining, 50 μm. (E) Western blot analysis of MyoD and MyoG expression in GA muscle samples from different groups of mice (n = 9). (F to H) Immunofluorescence
analysis of MyoD and MyoG expression in the GA muscle of different groups of mice (n = 9). Scale bar, 50 μm. The results represent the means ± SD. *P < 0.05 and **P <
0.01. ID, iron-deficient.
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Immunostaining analysis showed that the proportion of eMyHC+

fibers, which represent newly regenerated muscle fibers, was lower
in the iron-deficient group than in the control group. In addition,
the GA muscle of the iron-deficient mice had a smaller fiber distri-
bution compared with that of the control group, as demonstrated by
laminin staining and determination of the fiber CSA. Treatment
with 3-MA or overexpression of RNF20 reversed the formation of
eMyHC+ fibers and the peripheral fiber nucleation rate (Fig. 6, C to
E). The immunostaining of MyoG+ cells and MyoD+ cells showed
similar results (Fig. 6, F to H). In absence of ID, 3-MA treatment led
to a slight decrease in muscle size and MyoD and MyoG immuno-
fluorescence intensity, and the overexpression of RNF20 exerted no
effect (fig. S3, F to H).

Western blot and immunofluorescence analyses demonstrated
that under ID conditions, the RNF20 and H2Bub1 levels were de-
creased, and this trend was reversed after adding 3-MA or overex-
pressing RNF20 (fig. S9, A to C). In conclusion, these results
indicated that ID inhibits skeletal muscle regeneration, which is re-
versed by 3-MA and RNF20 in vivo.

Genetic deletion of NCOA4 in SCs restores ID-induced
skeletal muscle regeneration dysfunction
SC-specificNCOA4 knockout mice were generated by crossingmice
having the NCOA4fl/fl conditional allele with mice expressing a
CreER protein in Pax7+ cells. The Pax7-CreER, NCOA4fl/fl and
NCOA4fl/fl genotypes were used. NCOA4 conditional knockout
(cKO) mice and control littermates were named NCOA4SCs/KO

Fig. 5. RNF20 and H2Bub1 levels in iron-deficient mice after 3-MA treatment and RNF20 overexpression. (A and B) Immunofluorescence staining for RNF20 and
H2Bub1 in different groups of mice. The mean fluorescence intensities of RNF20 and H2Bub1 are shown below (n = 9). Scale bars, 50 μm. (C) Western blot analysis of
RNF20 and H2Bub1 expression in different groups of mice (n = 9). The results represent the means ± SD. **P < 0.01. ID, iron-deficient.
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and NCOA4SCs/WT, respectively. The iron-deficient mouse model
was constructed using NCOA4SCs/KO and NCOA4SCs/WT as de-
scribed above. NCOA4 deletion was induced by the intraperitoneal
injection of tamoxifen (TMX) for seven consecutive days (Fig. 7A).
To evaluate the recombination efficiency at the protein level, we an-
alyzed magnetic-activated cell sorting (MACS)–purified SCs that
were CD31−, CD45−, Scal−, and α7-integrin+ from NCOA4SCs/KO
and NCOA4SCs/WT mice (Fig. 7B) and found that NCOA4 expres-
sion was inhibited in NCOA4SCs/KO mice. Meanwhile, the expres-
sion of RNF20 and H2Bub1 was decreased in the iron-deficient
group of NCOA4SCs/WT mice, and this change was reversed after
NCOA4 was conditionally knocked out (Fig. 7C). Furthermore,
the fluorescence intensities of RNF20 and H2Bub1 were reduced
in Pax7+ cells under ID conditions, and knocking out NCOA4
offset the decline in RNF20 and H2Bub1 (Fig. 7, D and E).

A muscle injury model with ID was also constructed using
NCOA4SCs/KO and NCOA4SCs/WT mice. H&E staining analysis
showed that after 7 days of CTX injection, the skeletal muscle of
the iron-deficient group regenerated fewer muscle fibers than the
control group. Knocking out NCOA4 in SCs promoted skeletal
muscle regeneration under ID conditions (Fig. 8A). The expression
of eMyHC, MyoD, andMyoG was lower in the iron-deficient group
than in the control group, but the expression of these markers was
rescued in the NCOA4SCs/KO groups (Fig. 8B). Immunostaining
analysis showed that the proportion of eMyHC+ fibers, which rep-
resent newly regenerated muscle fibers, was lower in the iron-defi-
cient group than in the control group. Knocking out NCOA4
reversed the formation of eMyHC+ fibers (Fig. 8C). Compared
with that of the control group, the GA muscle of iron-deficient

mice showed a smaller fiber distribution, as demonstrated by
laminin staining and measurements of the CSA. In NCOA4SCs/KO
mice, the larger fibers and the eMyHC+ fibers as well as the periph-
eral fiber nucleation rate were represented, similar to control mice
(Fig. 8, D and E). Consistently, immunostaining of MyoG+ cells and
MyoD+ cells showed similar results (Fig. 8, F to H).

DISCUSSION
The present study explored how ID-activated ferritinophagy affects
skeletal muscle differentiation and regeneration, and we found that
RNF20-mediated histone H2Bmonoubiquitination plays an impor-
tant role in this process. When ID activates ferritinophagy in SCs
and C2C12 cells, the ferritinophagy cargo receptor NCOA4 inter-
acts with the histone E3 ubiquitin ligase RNF20, promoting RNF20
degradation through the autophagy-lysosomal pathway, which
reduces the histone H2Bmonoubiquitination level at the promoters
of the MyoD and MyoG myogenic transcription factors and subse-
quently leads to inhibition of myogenic differentiation. Overex-
pressing RNF20 and adding the autophagy inhibitor 3-MA
reversed the skeletal muscle regeneration dysfunction in mice
with ID in vivo. Pax7-CreER, NCOA4fl/fl mice were constructed,
and the cKO of NCOA4 in SCs was shown to reverse ID-induced
skeletal muscle regeneration defects. Moreover, NCOA4 and
RNF20 expression down-regulation and H2Bub1 level decrease
were confirmed in patients with ID.

Iron is one of the most important ions in the human body. An
adequate amount of iron is essential for body homeostasis, while
either iron overload or deficiency establishes pathological

Fig. 6. RNF20 and 3-MA promote skeletal muscle regeneration under iron deficiency conditions. The mice were divided into the following four groups with nine
mice per group: NC, iron-deficient group, ID + 3-MA group, and ID + OE-RNF20 group. The CTXwas injected into GAmuscles of the abovemice to induce acute injury. The
injected GAmuscles were harvested at the 7 day post-CTX injury (dpi) for the assessment of the regeneration process. (A) H&E staining of the GAmuscle and the average
myofiber CSA in different groups of mice at 7 dpi (n = 9). Scale bars, 100 μm. (B) Western blot analysis of eMyHC, MyoD, andMyoG expression in different groups of mice at
7 dpi (n = 9). (C) Immunofluorescence analysis of eMyHC+ fibers in the GA muscle of different groups of mice at 7 dpi. Scale bars, 50 μm. (D) Percent distribution of the
muscle fiber cross-sectional area derived from the different groups of mice at 7 dpi (n = 9). (E) eMyHC+ cells and peripherally nucleated fibers in the GAmuscle of different
groups of mice at 7 dpi (n = 9). (F toH) Immunofluorescence analysis of MyoD+ andMyoG+ cells in the GAmuscle of different groups of mice at 7 dpi (n = 9). Scale bars, 20
μm. The results represent the means ± SD. *P < 0.05 and **P < 0.01. ID, iron-deficient.
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Fig. 7. Genetic deletion of NCOA4 in SCs restores the expression of RNF20 and H2Bub1. The mice were divided into the following four groups with nine mice per
group: NC group (NCOA4fl/fl), cKO group (Pax7CreER, NCOA4fl/fl), iron-deficient group (NCOA4fl/fl) group, and ID + cKO group (Pax7CreER, NCOA4fl/fl) group. (A) Schematic
diagram of the procedures for iron deficiency induction, NCOA4 cKO, and CTX-induced muscle injury. (B) Schematic diagram of SC isolation. (C) Western blot analysis of
NCOA4, RNF20, and H2Bub1 protein levels in GA muscle samples from different groups of mice at 7 dpi (n = 9). (D) Representative images of myofibers isolated from the
extensor digitorum longus (EDL) muscle of NCOA4SCs/WT and NCOA4SCs/KOmice (n = 9). Immunofluorescence staining of Pax7 (pink), NCOA4 (red), RNF20 (green), and DAPI
(blue). Scale bars, 20 μm. (E) Representative images of myofibers isolated from the EDLmuscle of NCOA4SCs/WT and NCOA4SCs/KOmice (n = 9). Immunofluorescence of Pax7
(pink), NCOA4 (red), H2Bub1 (green), and DAPI (blue) staining. Scale bars, 20 μm. The results represent the means ± SD. *P < 0.05 and **P < 0.01. ID, iron-deficient.
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conditions in vivo. In recent years, extensive research has been con-
ducted to determine the contribution of iron accumulation onmyo-
genic pathology, such as muscle regeneration dysfunction mediated
through oxidative stress and lipid peroxidation (11, 13, 40). In ad-
dition to iron overload, ID can also lead to skeletal muscle regener-
ation impairment (10, 12, 15, 41, 42). However, in contrast to that
underlying iron overload, the mechanism by which ID affects
muscle regeneration has not been fully elucidated. Ferritinophagy
is a type of selective autophagy. When the iron supply in the body
is sufficient, iron is stored in ferritin in cells to reduce the labile iron
pool. In contrast, under conditions of ID, ferritin is degraded by se-
lective autophagy, releasing iron ions into the cell (26, 27). Under
physiological conditions, ferritinophagy dynamically regulates in-
tracellular iron levels by regulating ferritin expression to maintain
a steady state of iron ions in the cell. However, under pathological
conditions, the ID status in the body is maladjusted, and ferriti-
nophagy is abnormally activated. For example, the activation of fer-
ritinophagy promotes ferroptosis and plays an important role in
progression of neurodegenerative diseases, such as Parkinson’s
disease and Alzheimer’s disease (25, 43). Bauckman and colleagues
also reported that ferritinophagy increases susceptibility to infec-
tious diseases (44, 45). In our research, we demonstrated that ID ac-
tivated ferritinophagy, thereby inhibiting the differentiation of
myoblasts and regeneration of skeletal muscle, and these effects
were reversed by inhibiting ferritinophagy. Therefore, our study
suggested that activation of ferritinophagy may be an important
factor in skeletal muscle regeneration dysfunction in iron-deficient
patients with any of a variety of chronic diseases. These findings

clarify the mechanism underlying muscle regeneration dysfunction
in patients with ID.

Autophagy is a biological recycling process that is highly con-
served in eukaryotes. This process involves the removal of unwanted
cytoplasmic components and damaged and/or redundant organ-
elles in eukaryotes under specific physiological or pathological con-
ditions (16–19). Previously, the activation of autophagy was
believed to be nonselective. When autophagy is activated, many dif-
ferent types of cell components are degraded by the autophagy-ly-
sosomal pathway. However, recent studies have found that under
certain pathological conditions, the activation of autophagy—in-
cluding mitophagy, xenophagy, reticulophagy and lipophagy—is
often selective and leads to the relatively specific degradation of
cargo proteins through specific receptor proteins (20, 21, 22, 44,
46). NCOA4 is a cargo receptor in ferritinophagy, and it interacts
with ferritin, promoting its transport to autophagosomes, where it
is degraded. Under ID conditions, ferritinophagy is activated,
causing NCOA4 to bind to and promote the degradation of iron-
binding proteins through the autophagic pathway, which replenish-
es the concentration of iron ions in cells (23, 24, 26, 27). In our
study, we demonstrated that during activation of ferritinophagy,
NCOA4 not only bound FTH for degradation but also bound
RNF20 for degradation, further modulating the level of H2Bub1.
Moreover, this process is relatively selective, as RNF20 bound to
NCOA4 but did not bind to other autophagy cargo receptors,
such as NBR1 or Optineurin.

Some studies have explored the effect of autophagy on muscle
differentiation and regeneration. However, the results are

Fig. 8. Genetic deletion of NCOA4 in SCs reverses skeletal muscle regeneration defects. (A) H&E staining of the GAmuscle in different groups of mice at 7 dpi (n = 9).
Scale bars, 100 μm. (B) Western blot analysis of eMyHC, MyoD, and MyoG protein levels in GA muscle samples from different groups of mice at 7 dpi (n = 9). (C) Immu-
nofluorescence analysis of eMyHC+ fibers in the GAmuscle of different groups of mice at 7 dpi. Scale bars, 50 μm. (D) Percent distribution of themuscle fiber cross-section
area derived from NCOA4SCs/WT and NCOA4SCs/KOmice at 7 dpi (n = 9). (E) The eMyHC+ cells and peripherally-nucleated fibers in the GAmuscle of different groups of mice
at 7 dpi (n = 9). (F and G) Immunofluorescence analysis of MyoD+ and MyoG+ cells in the GA muscle of different groups of mice at 7 dpi. Scale bars, 20 μm. (H) The
percentage of MyoD+ and MyoG+ cells at 7 dpi (n = 9). The results represent the means ± SD. *P < 0.05 and **P < 0.01. ID, iron-deficient.
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controversial, as some studies have demonstrated that autophagy
promotes myogenic differentiation and regeneration, while others
have indicated that autophagy negatively controls myogenic differ-
entiation and regeneration (47–51). We believe that these contradic-
tory results are due to the outdated concept that autophagy is
nonselective. In these various studies, the conditions for autophagic
activation were completely different. Thus, the downstream cargo
and cargo receptors were different, resulting in different biological
effects. Therefore, we suggest that future studies on autophagy
should be specifically focused on the activation of selective autoph-
agy under different conditions.

Here, we demonstrated that ferritinophagy inhibited muscle dif-
ferentiation mainly through lysosome-mediated RNF20 degrada-
tion. RNF20 is a ring finger–type E3 ubiquitin ligase, and the
structure of RNF20 has been highly conserved during evolution.
RNF20 functions mainly through H2Bub1 in mammalian cells to
promote RNA polymerase II–mediated mRNA transcription to ac-
tivate gene transcription and expression (26, 38, 39). Previous
studies have shown that RNF20 plays an important role in the dif-
ferentiation of multiple mesenchymal cells, including osteogenic
differentiation, adipogenic differentiation, and astrocytic differenti-
ation (29, 32, 52, 53). Moreover, the present study demonstrated
that RNF20 positively regulated myogenic differentiation. ChIP-
qPCR further showed that RNF20 knockdown led to decreased
binding intensity of H2Bub1 at the promoter of the essential myo-
genic transcription factors MyoG and MyoD, which decreased
MyoG andMyoD transcription and thus inhibited myogenic differ-
entiation. Moreover, RNF20-overexpressing AAV not only protect-
ed against ID-induced skeletal muscle growth delay but also
promoted skeletal muscle regeneration under ID conditions.
Thus, our study further supports a role for RNF20 in mesenchymal
cell differentiation. A previous study showed that starvation-
induced autophagy mainly affects the formation of H2B monoubi-
quitination by up-regulating ubiquitin-specific protease 44 (USP44)
expression (30). However, we found that during the activation of
ferritinophagy, USP44 expression remained stable, while RNF20
was degraded by the NCOA4-mediated autophagy-lysosomal
pathway, resulting in a decrease in the H2B monoubiquitination
level. This interesting phenomenon further demonstrated that the
activation of autophagy under different conditions is relatively
selective.

We further demonstrated the role of the ID-induced ferritinoph-
agy- related RNF20-H2Bub1 axis in skeletal muscle regeneration in
vivo. The results showed that ID decreased the expression of MyoG
and MyoD in muscle and impaired muscle regeneration in vivo. To
further verify that ID impaired skeletal muscle regeneration through
ferritinophagy degrading RNF20, we added 3-MA to block ferriti-
nophagy or replenish RNF20 expression via intramuscular AAV in-
jection. We found that blocking ID-induced ferritinophagy or up-
regulating RNF20 expression could restore the differentiation and
regeneration of skeletal muscle. To further understand the biologi-
cal function of NCOA4 in SCs under ID conditions, we constructed
NCOA4 cKOmice in SCs and found that reducing the expression of
NCOA4 in SCs could inhibit the degradation of RNF20 and increase
the level of H2Bub1 under ID conditions. Correspondingly, the
skeletal muscle regeneration defect under ID conditions was re-
stored in NCOA4SCs/KOmice compared to the control group. More-
over, a low iron level was accompanied by skeletal muscle
regeneration impairment in iron-deficient individuals. Moreover,

RNF20 and H2Bub1 expression levels in the skeletal muscle were
down-regulated in the iron-deficient patient group.

As previously reported, iron supplementation rescued muscle
mass and function in patients with cancer cachexia (12). Whether
iron supplementation exhibited this effect through RNF20-H2Bbu1
axis is still need further investigation. Because of the negative effects
of either iron overload or ID on skeletal muscle, precise regulation
of muscle differentiation and regeneration in molecular mechanism
level may be a better way for iron-deficient patients or elderly indi-
viduals. Here, our study provides insights into therapeutic targets
that can be leveraged to increase muscle mass effectively in these
patients via skeletal muscle regeneration mediated through selec-
tively regulated ferritinophagy or directly by enhancing RNF20 ex-
pression and activity.

We found that ID inhibited muscle differentiation and regener-
ation by activating ferritinophagy. This process was conducted by
the ferritinophagy-specific cargo protein NCOA4 binding to and
degrading RNF20, which decreased the level of H2B monoubiquiti-
nation of theMyoG andMyoDmyogenic markers. Our research had
certain limitations, one of which was the in vitro mechanism study
primarily using the C2C12 cell line rather than primary SCs. Dis-
putation still remains, considering that C2C12 cell lines are mark-
edly different from primary SCs and that using C2C12 cell lines to
dissecting biology of myogenic differentiation and regeneration
may result in discrepancies. However, we believe that the use of
C2C12 cells instead of primary SCs for mechanistic investigations
does not compromise the accuracy of our conclusions for the fol-
lowing reasons. From one hand, we initially validated the most
crucial findings of this study in human primary SCs and C2C12
cells. These results were consistent to show that ID induced ferriti-
nophagy, thereby impeding myogenic differentiation. From the
other hand, the in vivo mouse experiments further supported our
findings. Conditional knockout of NCOA4 in mouse SCs could
reverse the decrease in RNF20 and H2Bub1 expression in mouse
skeletal muscle under ID conditions, thereby restoring the regener-
ation capacity of mouse skeletal muscles. Therefore, we believe that
ID induced ferritinophagy to mediate the degradation of RNF20
and thus suppress the H2Bub1 level is likely to be a universal phe-
nomenon, rather than dependent on cell type such as C2C12.
Further studies need to be performed to address this issue.
Besides, we studied this phenomenon only in skeletal muscle
cells, and it remains unclear whether this process contributes to
other pathophysiology processes in other organs or systems. The
present results provide insight into the pathological mechanism of
different diseases caused by ID, which is the focus of our future
experiments.

MATERIALS AND METHODS
Chemicals and reagents
The following commercially available reagents were used for this
study: DFO (HY-B0988, MCE), DFP (HY-B0568, MCE), 3-MA
(5142-23-4, Sigma-Aldrich), DC661 (D881024-2, Macklin), AFC
(MB2808, Meilunbio), MG132 (T215-4, TargetMol), and CTX
(217503, Merck Millipore). Information on the antibodies used in
this study is shown in table S2.
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Ethics approval and consent to participate
This study was approved by the Ethics Committee of The Eighth
Affiliated Hospital, Sun Yat-sen University. Written informed
consent was obtained from all subjects included in the study in ac-
cordance with the Declaration of Helsinki. All animal experimental
procedures were approved by the Animal Ethical andWelfare Com-
mittee of The Eighth Affiliated Hospital, Sun Yat-sen University.

Animals
C57BL/6 male mice were housed in the pathogen-free barrier facil-
ity of Sun Yat-sen University in accordancewith institutional guide-
lines and approved by the regional board.Miceweremaintained in a
temperature- and humidity-controlled animal facility with a 12-
hour light/12-hour dark cycle and free access to distilled water.
The animals were kept in stainless steel mesh wire bottom cages
with no bedding material and no access to feces.

C57BL/6 Pax7-CreER and C57BL/6 NCOA4fl/fl mice were pur-
chased from the Jackson Laboratory. Micewith NCOA4-specific de-
letion in SCs were generated by crossing C57BL/6 Pax7-CreER and
C57BL/6 NCOA4fl/fl mice. SC-specific NCOA4 deletion was
induced by intraperitoneal injection of TMX (T5648, Sigma-
Aldrich, St. Louis, MO) dissolved in corn oil for seven consecutive
days at a dose of 15 mg/ml.

All mice were approximately 21 days of age on day 0 of treat-
ment. The mice were given a control diet [37 parts per million
(ppm) of Fe; Dyets, 110700] and an iron-deficient diet (approxi-
mately 1 ppm of Fe; Dyets, D115109) for 8 weeks, and they were
weighed two to three times per week from the first day on the
diets up to and including the day of sacrifice. For 3-MA and AAV
overexpression assay in vivo, mice in the ID + 3-MA group received
3-MA (15 mg/kg per day) 2 weeks before euthanizing, and mice in
the ID + AAV-RNF20 group received AAV-RNF20 4 weeks before
euthanizing. CTX was used to induce skeletal muscle injury. Mice
were anesthetized, and 50 μl of CTX [10 μM in phosphate-buffered
saline (PBS)] was injected into the hindlimb GA muscles to induce
injury. 3-MA or AAV-RNF20 was added as described above, respec-
tively, 2 and 4 weeks before CTX injection. After 7 days of CTX in-
jection, the mice were euthanized. GA muscle sections were
subjected to further analyses.

Grip strength test
Grip strength was measured with an electronic dynamometer
(HandpiHP-5N, China). Each mouse was positioned along a
straight line parallel to the grip. As the pulling force gradually in-
creased, when the mouse could not bear the force, it released the
dynamometer, and the maximum pulling force was recorded. The
forelimb grip strength of each mouse was tested three times, and the
highest value was applied in the analysis.

Hanging grid test
In this assay, inverted hanging time was measured. A 45 cm–by–45
cm grid was placed on a 55-cm-high frame, and a 5-cm-thick
cushion was placed under the grid. We placed each mouse at the
center of the grid and then turned the grid upside down. Hanging
time was recorded as the time after which the mouse fell. Each
mouse was tested three times with a >30-min interval between
tests, and the highest value was applied in the analysis.

Exhaustive running test
Exhaustive running time was measured using a treadmill. The
mouse began running at 13 m/min with an inclination of 0°, and
the speed and inclination were then increased by 2 m/min and 2°,
respectively, every 3 min until they reached 39 m/min and 14°, re-
spectively. The mice were considered exhausted and removed from
the treadmill when the mouse being tested did not return to the
track for >20 s and concomitantly exhibited a markedly diminished
response to external stimuli. The exhaustive running time was
recorded.

Culture of C2C12 cells
C2C12 cells were obtained from the Chinese Academy of Sciences
Cell Bank and grown in incubators at 37°C and 5% CO2, and pro-
liferating cells were cultured in high-glucose Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) (Gibco, Australia). When C2C12 cells reached 80 to
90% confluence, they were digested with 0.25% trypsin containing
0.53 mM EDTA and reseeded in new flasks. To induce differentia-
tion, the C2C12 cells were cultured in high-glucose DMEM supple-
mented with 2% horse serum.

Isolation and culture of SCs
Human MuSCs were isolated from human biopsies as CD31−/
CD45−/CD56+ cells, and MuSCs were isolated from mice as
CD31−/CD45−/Scal−/α7-integrin+ cells. Briefly, human biopsies
or hindlimb muscles for each mouse were carefully dissected to
remove attached tendons, nerves, blood vessels, and fat tissue.
Muscles were dissociated mechanically and digested in bovine
serum albumin (BSA; Sigma-Aldrich), penicillin (10 U/ml) and
streptomycin (10 μg/ml), collagenase A (2 mg/ml) (Roche), and
dispase II (2.4 U/ml; Roche) in Hanks’ balanced buffer solution
(Gibco) for 90 min at 37°C. The supernatants were filtered
through 70- and 40-μm cell strainers. Erythrocytes were eliminated
by treating the cells with red blood cell lysis solution.

The Miltenyi MACS purification system was used to isolate
MuSCs. Briefly, the cells isolated from digested muscles were resus-
pended in MACS buffer consisting of PBS with 2% FBS and 2 mM
EDTA and incubated with FcR blocking reagent (Miltenyi Biotec)
for 10 min at 4°C, followed by incubation with biotin-conjugated
anti-CD31, anti-CD45, anti-CD56, anti-sca1 and anti–α7-integrin
(BioLegend) for 20 min at 4°C. Subsequently, the cells were
washed once with MACS buffer and incubated with anti-biotin mi-
crobeads (Miltenyi Biotec). Antibody-microbead cellular complex-
es were passed through a magnetic LD column, and the flow
through the fraction was collected. The following populations
were MACS isolated: CD31−/CD45−/CD56+ cells (MuSCs in
human biopsies) and CD31−/CD45−/Scal−/α7-integrin+ cells
(MuSCs in mice). Cells were cultured in growth medium (DMEM
supplemented with 20% FBS) at 37°C and 5% CO2. To induce dif-
ferentiation, the cells were cultured in DMEM supplemented with
5% horse serum.

Single myofiber isolation
Extensor digitorum longus muscles were isolated and incubated
with 0.2% type I collagenase (Sigma-Aldrich) in DMEM for 1
hour. After digestion, single myofibers were transferred to 24-well
plates and fixed with 4% paraformaldehyde for subsequent
immunostaining.
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Cell counting kit-8 assay
A total of 1 × 104 C2C12 cells per well were seeded for use in a cy-
totoxicity assay, and 2 × 103 C2C12 cells per well were seeded for use
in a proliferation assay. At each measurement time point, fresh
culture medium with Cell counting kit-8 reagent was added
(Dojindo, Japan). After 2 hours of cell culture, the absorbance of
the wells was measured at 450 nm. Medium without cells was
used as negative controls.

Western blot analysis and antibodies
Western blot protocols have been previously reported (54). Briefly,
cells and tissues were lysed in radioimmunoprecipitation assay
buffer containing protease and phosphatase inhibitors for 30 min
on ice, and lysates were collected and centrifuged at 14,000 rpm
at 4°C for 10 min. Protein lysates were separated by SDS–polyacryl-
amide gel electrophoresis (SDS-PAGE) and subsequently trans-
ferred to polyvinylidene fluoride membranes (Millipore). After
blocking in 5% nonfat dry milk dissolved in TBST [150 mM
NaCl, 50 mM tris-HCl (pH of 7.5), and 0.05% Tween 20] at room
temperature for 1 hour, the membranes were incubated with
primary antibodies overnight at 4°C. After three washes in TBST,
the membranes were incubated with horseradish peroxidase–conju-
gated AffiniPure secondary antibodies (1:5000; Boster, BA1054 and
BA1050) for 1 hour at room temperature and were detected using
chemiluminescent reagents (Millipore) according to the manufac-
turer’s instructions.

Quantitative real-time PCR
Quantitative real-time PCR (qRT-PCR) was performed as previous-
ly described (55). Briefly, total RNAwas isolated from cells using an
RNA Quick Purification kit (ESscience) according to the manufac-
turer’s instructions and was transcribed into cDNA using a Prime-
Script RT reagent kit (TaKaRa). qRT-PCR was then performed on a
Light-Cycler 480 PCR System (Roche) using SYBR Premix Ex Taq
(TaKaRa). Gene expression was calculated by the ΔΔCT method
using glyceraldehyde-3-phosphate dehydrogenase as the reference
gene. The primer sequences used for qRT-PCR are shown in
table S3.

Plasmid and lentivirus construction and transfection
Expression plasmid constructs, including full-length pcDNA3.1
(+)-Flag-RNF20 [Mus musculus (house mouse)] and full-length
pcDNA3.1(+)-Myc-NCOA4 (M. musculus) were all constructed
and purchased from Guangzhou IGE Biotechnology, Ltd. Lipofect-
amine 3000 transfection reagent (Invitrogen, L3000-015) was used
for transfection according to the manufacturer’s instructions with
minor modifications. Briefly, 293T cells were seeded in six-well
plates at a density of 2 × 105 cells per well. Cells were transfected
with plasmids (2.5 μg per well), Lipofectamine 3000 (5 μl) and
P3000 (5 μl) according to the manufacturer ’s instructions. The
PLenti-EF1a-EGFP-P2A-Puro-CMV- RNF20-3Flag construct was
generated by Obio Technology Corp. Ltd. (Shanghai). C2C12 cells
were incubated with lentiviruses for 12 hours at a multiplicity of in-
fection of 50. The siRNA sequences are shown in table S4.

Recombinant AAV
pAAV-CMV-3xFLAG-Rnf20-tWPA [AAV2/9, 1.0 × 1013 viral
genomes (V.G.)/ml] was generated by the Obio Technology Corp.
Ltd. (Shanghai) and was used to overexpress RNF20 in mice. A

single dose of AAV-RNF20 (2.5 × 1011 V.G./25 μl per point) was
delivered to iron-deficient mice via GA muscle injection. The con-
tralateral GA muscle was used as the control. Mice were evaluated
for 4 weeks after treatment and then euthanized, and the GAmuscle
was harvested.

Co-IP and LC-MS/MS
C2C12 or 293T cells were quickly harvested and lysed on ice in
Western and IP lysis buffer (P0013, Beyotime Biotechnology) con-
taining 1% phenylmethylsulfonyl fluoride. Cell extracts (approxi-
mately 200 μg of total protein) were incubated with antibodies at
4°C overnight. Protein G Dynabeads (10007D, Thermo Fisher Sci-
entific) were then added, and the mixture was incubated at 4°C for 3
hours. Dynabeads were collected, washed, and resuspended in 60 μl
of sample buffer, and samples were then boiled for 10 min. SDS-
PAGE was used to separate the samples, and a Coomassie blue
staining kit (ESscience) was subsequently used. Differential beads
were collected for further LC-MS/MS to analyze the interacting pro-
teins of NCOA4 in C2C12 cells. Western blot analysis was per-
formed using the abovementioned protocols. A unique secondary
antibody (1:1000; Abcam, ab131366), which only recognizes
native (nonreduced) antibodies to minimize the detection of
heavy and light chains, was used to test the IP samples to prevent
the influence of the IP antibodies in the IP samples.

ChIP-qPCR assays
The ChIP-qPCR assay was performed using a ChIP assay kit (Milli-
pore, 17-10086) according to the manufacturer ’s protocol with
modifications. Overall, 5 mg of antibodies was used for each 1 ×
107 cells in one IP experiment. Data are expressed as the percentage
of input DNA. The following antibodies were used in the ChIP
assays: anti-RNF20 (Cell Signaling Technology, 11974) and anti-
H2Bub1 (Cell Signaling Technology, 5546S). Immunoprecipitated
genomic DNA was collected with 50 μl of elution buffer. qRT-
PCR was performed as described above. The primer sequences
used for ChIP-PCR are shown in table S3.

LA-ICP-MS and in situ imaging analysis
For sample preparation, skeletal muscle samples were dried in a
vacuum for 24 hours followed by epoxy resin coating. After micro-
tome slicing, the prepared sample was subjected to laser ablation on
a NRW 193HE instrument. For tissue imaging, the spot size and
frequency of the laser were set to 15 μm by 15 μm and 10 Hz
with a movement rate of 40 μm/s. The amount of trace elemental
iron was calibrated on the basis of that in external NIST 610 glass
level. An Agilent 8900 ICP-MS Triple Qua instrument was used to
acquire ion signal intensities. Iolite software was used to perform
off-line selection, background integration, signal analysis, time
drift correction, and quantitative calibration for the trace element
analysis.

H&E staining
Freshly isolated skeletal muscle was fixed with 4% polyoxymethy-
lene for 24 hours and then embedded in paraffin for sectioning.
After the slides were dewaxed and hydrated using dimethylbenzene
and a gradient ethanol series, they were stained with hematoxylin
for 5 min. After washing with PBS for 10 min, the sections were
stained with eosin for 3 min. After dehydration with ethanol and
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clearing in a dimethylbenzene solution, the slides were mounted
and observed using a microscope.

Prussian blue iron staining
The tissuewas cut into paraffin sections of 3 to 7 μm. The slices were
dewaxed to water routinely. Then, we use the Prussian Blue Iron
Staining Kit (enhance with 3,3’-diaminobenzidine) (Solarbio,
G1428) to stain non-heme iron in the skeletal muscle according
to the kit’s protocol.

Immunofluorescence
The tissuewas cut into paraffin sections of 3 to 7 μm. The slices were
dewaxed to water routinely. Antigens were retrieved using an EDTA
buffer in amicrowave oven for 15min. To permeabilize the sections,
0.1% Triton X-100 was added for 15 min at room temperature. Goat
serum (10%) was added to block nonspecific binding. After the sec-
tions were washed with PBS, they were incubated with primary an-
tibodies at 4°C overnight. The concentrations and sources of the
antibodies that were used are listed below. After the sections were
washed three times with PBS, anti-rabbit immunoglobulin G (IgG)
(1:500; Cell Signaling Technology, 4412) and anti-mouse IgG
(1:500; Cell Signaling Technology, 4409) were added, and the sec-
tions were incubated for another 1 hour at room temperature. Then,
40,6-diamidino-2-phenylindole was used to counterstain the nuclei.
Thereafter, the coverslips were mounted on glass slides with anti-
fade mounting medium (Beyotime, P0131).

C2C12 cells were seeded on sterile glass coverslips. After induc-
tion of myogenic differentiation for 3 days, the growth medium was
removed. After three washes with PBS for 5 min each time, the cells
were fixed, permeabilized, blocked, and processed for incubation
with the primary antibodies described above overnight at 4°C, fol-
lowed by secondary staining and counterstaining of the nuclei.
Thereafter, the samples were observed under a laser scanning con-
focal microscope (LSM 880 with Airyscan) at wavelengths of 488
nm (green), 561 nm (red), and 405 nm (blue).

Human skeletal muscle study
The participants assessed in this study were recruited from The
Eighth Affiliated Hospital, Sun Yat-sen University. Each of the
control and iron-deficient groups consisted of six age- and sex-
matched subjects. The study included patients admitted to the hos-
pital for orthopedic surgery on fractures. Serum samples from the
participants (patients with ID and healthy controls) were obtained
and measured in the clinic laboratory. Hemoglobin and hematocrit
levels were provided by the Department of Laboratory Medicine,
The Eighth Affiliated Hospital of Sun Yat-sen University. Serum
iron levels and total iron-binding capacity were quantified using a
total iron binding capacity (TIBC) and the Serum Iron Assay Kit
(ab239715). Transferrin saturation was calculated as follows: trans-
ferrin saturation (%) = serum iron/(TIBC) × 100.

Statistical analysis
All experiments included at least three biological replicates. The
areas of fluorescent staining for muscle fibers and nuclei were de-
termined using ImageJ software. All data are expressed as the means
± SD. The unpaired Student’s t test was used for comparisons
between two groups. For comparison of more than two groups,
one-way analysis of variance (ANOVA) was used. Data were

analyzed using GraphPad Prism 8.0 software. *P < 0.05 and **P <
0.01 indicate statistical significance.

Supplementary Materials
This PDF file includes:
Figs. S1 to S9
Tables S1 to S5
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